This paper presents an experimental investigation carried out to study the effects of Ground Granulated Blast Furnace Slag (GGBFS) on strength development of mortar and the optimum use of slag in mortar. Cement was partially replaced with seven percentages (10%, 20%, 30%, 40%, 50%, 60% and 70%) of slag by weight. Ordinary Portland cement (OPC) mortar was also prepared as reference mortar. A total of 400 cube and briquet mortar specimens were cast and compressive as well as tensile strength of the mortar specimens were determined at curing age of 3, 7, 14, 28, 60, 90 and 180 days. Test results show that strength increases with the increase of slag up to an optimum value, beyond which, strength values start decreasing with further addition of slag. Among the seven slag mortars, the optimum amount of cement replacement is about 40%, which provides 19% higher compressive strength and 25% higher tensile strength as compared to OPC mortar.
INTRODUCTION
Portland cement is and will remain a major construction material of choice in Civil Engineering construction. It is the most important constituent of concrete. Unfortunately, cement manufacturing consumes large amount of energy amounting about 7.36*10 6 kJ per ton of cement (Tarun, 1996) . Also, approximately 1 ton of CO 2 is released into the atmosphere during the production of 1 tonne of cement (Min-Hong, 2001 ). Thus partial replacement of Portland cement in mortar / concrete by mineral by-products such as slag, fly ash, silica fume, etc, can significantly reduce CO 2 emission (Ozkan, 2009 ).
Blended cements contain, in addition to Portland cement clinker and calcium sulfate, a latently hydraulic component such as granulated blast furnace slag or Class C fly ash, or a pozzolanic component such as natural pozzolan, Class F fly ash, condensed silica fume, calcined clay or a filler component such as limestone. The most common reason for blending ordinary Portland cement with these additions is economic. However, blended cements can be formulated to perform better than ordinary Portland cement and it offers a number of potential advantages to the manufactures: (a) increased plant capacity without the installation of a new kiln (b) reduced fuel consumption per ton of cement (c) reduced CO 2 emissions per ton of cement (d) control of alkali-silica reactivity even with highalkali clinker (e) reduced production of cement kiln dust if the alkali content of the clinker is increased (f) improved durability due to the replacement of Ca(OH) 2 
with additional C-S-H.
Blast furnace slag is a by-product obtained during the manufacture of pig iron in the blast furnace and is formed by combination of earthy constituents of iron ore with limestone flux. When the molten slag is swiftly quenched with water in a pond or cooled with powerful water jets, it is formed into a fine, granular, almost fully non crystalline, glassy form known as granulated slag having latent hydraulic properties. Such granulated slag when finely ground and combined with Portland cement, has been found to exhibit excellent cementitious properties (Hwang, 1986) . The reactivity of ground granulated blast furnace slag (GGBFS) is considered to be an important parameter to assess its effectiveness in concrete composites (Smolczyk, 1978) .
Slag is used in concrete to achieve energy conservation, economic, ecological and technical benefits. It is used as pozzolanic mineral admixture in concrete and also has the hydraulic properties. According to ASTM C125, Pozzolan is a siliceous or siliceous and aluminous material which itself possesses little or no cementitious value but in finely divided form and in the presence of moisture, chemically reacts with calcium hydroxide at ordinary temperatures to form compounds possessing cementitious properties. According to ASTM C125, blast furnace slag is defined as the non-metallic product consisting essentially of silicates and aluminosilicates of calcium and other bases that is developed in a molted condition simultaneously with iron in a blast furnace. ASTM C989, adopted in November 1982, provides for three strength grades of slags, depending on their respective mortar strengths when blended with an equal mass of Portland cement. The classifications are Grade-120, Grade-100 and Grade-80, based on the slag-activity index expressed as SP/P X100, where SP is the average compressive strength of slag cement mortar cubes and P is the average compressive strength of reference cement mortar cubes made without slag. Grades 100 and 120 are the most commonly used as admixtures in concrete. The chemical constituents of most of the blast furnace slags fall within the ranges shown in Table- 1.
HYDRATION CHARACTERISTICS AND STRENGTH DEVELOPMENT OF SLAG MORTAR
When GGBF slag is mixed with water, initial hydration is much slower as compared with Portland cement. Therefore, Portland cement or alkali salts are used to increase the reaction rate. In the hydration process, GGBF slag produces calcium silicate hydrate cement paste. This valuable contribution from GGBF slag improves the paste-toaggregate bond in concrete. GGBF slag mixtures with Portland cement typically result in greater strength and reduced permeability. The principle constituents of blast furnace slag are silica, alumina, calcium and magnesia (reported as oxide), which comprise 95% of slags total makeup. Minor elements include manganese, iron and sulfur compounds as well as trace quantities of several others. Like Portland cement, most of the calcium oxide (CaO) found in GGBFS is tied up as calcium silicate, calcium aluminates and calcium aluminosilicate. Although these compounds are not identical to those found in Portland cement (i.e., tricalcium silicate, tricalcium aluminate, etc.), they hydrate when activated by calcium hydroxide (lime) which is one of the by-product of Portland cement hydration.
Slag blended cement increases the compressive and flexural strength of conventional concrete and is often a vital component in producing high strength concrete. 28-days concrete strengths generally increase as the percentage of slag content increases up to about 50 percent of cementitious material. When Portland cement reacts with water, it forms calcium silicate hydrate (CSH) and calcium hydroxide (Ca(OH) 2 ). CSH is the glue that provides strength and holds concrete together while Ca(OH) 2 is a by product of Portland cement hydration that does not contribute to strength. When slag cement is used as part of the cementitious material in a concrete mix, it reacts with water and Ca(OH) 2 to form more CSH. The additional CSH densifies the concrete matrix thereby enhancing strength.
The reactivity of slag, to a great extent, depends on its composition. In general, the more basic the slag, the greater its hydraulic reactivity in the presence of alkaline activators; the higher the glassy phase, the lime, alumina and magnesia contents, the higher the hydraulic reactivity. In many specifications basicity is quantitatively defined as a mass ratio between the sum of (CaO+Al 2 O 3 +MgO) and SiO 2 , which is known as the basicity factor. For instance, a basicity factor of ≥ 1 is used in Germany to evaluate slags for use in blended cements. A high MgO content in some North American slags may sometimes be of concern for the formation of expansive particles. However, Stutterheim (1960) investigated concretes made from blended cements containing 50% slag having up to 20% MgO and found that these cements were as sound as comparable Portland cements, although he recommended that high MgO slags to be checked for soundness before use.
According to ACI Committee 226 (1994), the greater solid volume and higher fineness of slag allow more coarse aggregate to be used without a loss of workability. This often reduces the stickiness of the mix. Meusel and Rose (1983) investigated highly active slag at contents of 30%-50% in concrete and found that the slag improved the workability in all cases, but greater improvement was obtained with higher slag contents. High fineness of the slag component did not have a significant effect on the workability. Stutterheim (1968) observed that slag concretes had appreciably better workability than Portland cement concretes allowing for reductions in water content. According to , the effect of slag on workability is less pronounced than that of fly ash.
According to Gee (1979) , early strength development in slag cement is affected by the chemistry of the clinker since the manner in which it releases calcium and alkali cations affects the rate of hydration of the slag. Clinker can be formulated with high lime content for use in blends with high slag contents. Hooton and Emery (1983) found that the compressive strength of slag cement mortars could be related to the chemical composition, fineness of grinding and degree of vitrification of the slag. Meusel and Rose (1983) observed that replacing 30% -50% of the cement with a highly active slag increased the concrete strength at 7 days and beyond. They recommend the optimizing of the slag content on the basis of mortar strengths.
When slag blended cement and water are mixed, a chemical reaction called hydration initiates, resulting in the creation of calcium-silicate-hydrate (CSH) and calcium hydroxide (CH). CSH is a gel that is responsible for strength development in Portland cement pastes. Also, through pozzolanic activity, slag combines with free lime to produce the same cementitious compounds formed by the hydration of Portland cement. Hydration rate of slag is slower than that of Portland cement. So the blending of slag and Portland cement leads to retard the rate of strength development at early ages of curing.
HEAT OF HYDRATION
The hydration of cement is an exothermic reaction. High amount of heat is generally developed during this reaction. The generated heat causes the rise in temperature and accelerates the setting time and strength gain of mortar. In many structures, the rapid heat gain of cement increases the chances of thermal cracking leading to reduce concrete strength and durability. The applications of replacing cement by high percentage of slag can reduce the damaging effects of thermal cracking.
The hydration mechanism of slag is different from that of cement. When cement comes into contact with water, the dissolution of some phases takes place quite rapidly. But when slag is mixed with water, initial hydration is much slower than cement mixed with water. Hydration of slag in the presence of cement depends upon the breakdown and dissolution of the glassy slag structure by hydroxyl ions released during the hydration of cement and also the alkali content in cement. The hydration of slag consumes calcium hydroxide and uses it for additional CSH formation. According to Regourd (1980) , Vanden Bosch (1980) and , hydration of slag, in combination with cement, at normal stage, in general, is a two stage reaction. Initially and during the early hydration, the predominant reaction is with alkali hydroxide, but subsequent reaction is predominantly with calcium hydroxide. As a result the rate of heat liberation is correspondingly slow.
RESEARCH SIGNIFICANCE
Concrete is a commonly used construction material all over the world since last century. Concrete consumption in the year of 2000 was 12 billion tons (Mehta, 2002) 
EXPERIMENTAL PROGRAM
The experimental program was planned to predict the compressive strength and tensile strength of mortars using slag as replacement of cement. Cement replacement at various percentage levels were used in this investigation to observe the effects of different slag levels in mortar in contributing the compressive and tensile strength at various ages of curing.
MATERIALS USED
(a) Cement: ASTM Type I Portland Cement conforming to ASTM C-150 was used as binding material. The physical properties and chemical compositions of OPC are given in Table-2. (b) Slag: Ground granulated blast furnace slag (GGBFS) was used for this investigation. The physical properties and chemical compositions of slag are given in Table- (c) Sand: Locally available natural sand passing through 4.75 mm sieve and retained on 0.015 mm sieve was used for this program. Gradation of the fine aggregates is given in Table- (b) Exposure period: Specimens were tested periodically after the specified curing periods of 3, 7, 14, 28, 60, 90 and 180 days.
(c) Size of specimens: 50 mm x 50 mm x 50 mm cube specimens for compressive strength and briquette specimens of standard size for tensile strength tests were prepared as per ASTM standard.
(d) Mortar mix ratios:
The mix ratio of cementitious material and sand was 1:2.75 for compressive strength and 1:3 for tensile strength test specimens. Details of mix proportion and materials are shown in Table-4 .
(e) Curing environment and testing: A total of 400 mortar specimens were cast in the laboratory. After casting, the specimens were kept at 27°C temperature and 90% relative humidity for 24 hours. After demoulding, all the specimens were cured in water in a curing tank at room temperature. After specific exposure period, specimen was tested for compressive strength and tensile strength in accordance with test procedure ASTM C190-85 and C190-87.
RESULTS AND DISCUSSION

COMPRESSIVE STRENGTH
The compressive strength of OPC and slag mortars as listed in Table-5 , has been graphically presented in Fig.1 . Also for the ease of comparison, the relative compressive strengths are plotted in Fig.2 . Among all the mixes and for 3 days and 7 days compressive strength, no slag concrete achieved maximum strength. Test results showed that the 3 days compressive strength for OPC mortar is 12%, 14%, 20%, 21%, 31%, 51% and 58% higher than slag mortar of replacement level 10%, 20%, 30%, 40%, 50%, 60% and 70% respectively. Up to curing period of 14 days, compressive strength is seen to decrease with the increase in slag content when compared with no slag mortar. 90 days compressive strength data obtained for 10%, 20%, 30%, 40% and 50% slag replaced mortar were respectively 3%, 4%, 14%, 16% and 8% higher than no slag mortar and almost same for slag mortar of cement slag ratio of 90:10. 60% and 70% replacement level mortar strength were lower than no slag mortar by 7% and 15%. After 180 days, maximum compressive strengths were obtained for 30%, 40% and 50% slag replaced mortar specimens with an increase in strength of 17%, 19% and 12% respectively as compared to OPC mortar. Also 10% and 50% replacement level provided an increase in strength of 4% and 5% respectively when compared with no slag mortar.
In the presence of slag, C 3 S hydration is slightly delayed, while hydration at later ages is accelerated (Ogawa, 1980) . Slag also acts as a retarder to the hydration of C 3 A (Uchikawa and Uchida, 1980). The setting time of slag-blended cement is delayed as compared to ordinary Portland cement by 10 to 20 minutes per 10% addition of slag (Hogan and Meisel, 1981) . It has also been reported that the chemical composition of the calcium silicate hydrate formed in hardened blended cement paste was different form that of Portland cement hydration products. Uchikawa (1986) also reported a higher alkali retaining capacity of the hydration product of the slag blended material. For this reason, mortar made with slag will have lower strength than cement mortar at early ages and substantially higher strength at longer ages of curing.
TENSILE STRENGTH
The tensile strength of mortar mixes made with and without slag was determined at the ages of 3, 7, 14, 28, 60, 90 and 180 days. Fig.3 shows the development of tensile strength with age for different slag mortars. These values are also presented in Table-6 . Also for the ease of comparison, the relative tensile strength is plotted in Fig.4 . The tensile strength of the specimens is seen to increase with age. At early ages of curing (3 days and 7 days), the tensile strength decreases with increase in slag content in mortar. However, the rate of decrease diminished with the increasing age of curing. The slag mortar specimens shows that tensile strength results are almost identical with that of reference mortar up to cement replacement of 50% at 28 days. Tensile strength values are 101%, 102%, 107%, 109% and 106% for slag mortar of replacement level of 10%, 20%, 30%, 40% and 50% for the curing age of 28 days. 60% and 70% replaced slag mortar achieved 85% and 70% strength of OPC mortar.
After 90 days, a maximum tensile strength of 6.1 MPa was achieved for the slag mortar of 40% replacement level with an increase of 18% higher than the no slag mortar. Even 30%, and 50% slag mortar showed higher tensile strength of 13% and 12% respectively than OPC mortar. After 180 days, a maximum tensile strength of 7.4 MPa was also achieved for 40% replacement mortar, which is 25% higher than the reference mortar. Even 30% and 50% slag replaced mortar showed 19% and 18% higher strength. However, 60% and 70% slag mortar provides a decrease in strength of about 8% and 15% respectively. According to Mehta (1986) , pozzolan cements are generally somewhat slower to develop strength than slag cements. Given long-term continuous curing, the ultimate strengths of slag cement mortar will be higher than that of Portland cement. According to Gee (1979) , early strength development in slag cement is affected by the chemistry of the clinker, since the manner in which it releases calcium and alkali cations affects the rate of hydration of the slag. As slag cement takes time to produce Ca(OH) 2 by hydration of cement, strength gaining rate slows down at initial ages of curing but increases for later age of curing.
CONCLUSION
Based on the results of the investigation conducted on different slag mortars made with various level of cement replacement and cured for various curing period up to 180 days, the following conclusions can be drawn:
(1) Slag mortar mix having various cement replacement level up to 50% exhibited satisfactory results for both compressive and tensile strength.
(2) The optimum use of slag in the mortar is observed to be 40% of cement. Slag mortars with 40% cement replacement shows 19% higher compressive strength than OPC mortar after 180 days curing. The corresponding increase in tensile strength is reported to be 25%. 
